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SUMMARY

This report presents the status of an investigation to define an integrated
avionics system for the Space Shuttle. The system concept depicted for the
integrated approach, based on subsystem requirements established early in the
study, meets the mission requirements outlined in Shuttle Task Group reports
and is compatible with the significant features of the vehicle configurations
resulting from several 1969 contractor design studies. Included as part of the
integrated avionics system is all Shuttle equipment that utilizes electronics in
performance of the various functions required to accomplish the Space Shuttle
mission. The individual subsystems are defined in varying degrees of detail
and all data will be subject to change as the design work continues. Sufficient
data are presented, however, to identify the significant physical characteristics,
important performance values, functional block diagrams, and preliminary
hardware selection for each avionics subsystem. ‘
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I. INTRODUCTION

The shuttle task group report, dated June 1969, described a number of
desirable features that should be included in a Space Shuttle, Since the publica-
tion of that report, a great deal of effort has been expended in NASA and in
industry toward further definition of both requirements for a shuttle and of
systems concepts to meet those requirements.

This report documents the status of an approach to deyeloping the
Integrated Avionics System requirements and a means for meeting them.

Definition Of Terms

The Shuttle Avionics System has been referred to by the various groups
working the problem as

e Shuttle Avionics System.

e Integrated Electronics System.

e Integrated Avionics System.

@ Shuttle Astrionics System.

The term Integrated Avionics System (IAS) will be used in this report.

Included as part of this system is all shuttle eQuipment that uses
electronics to sense, acquire, generate, transmit, process, store, record,
and display data required in the operation of shuttle systems, for determination
of operational and flight-ready status, for performing onboard launch and mission
control function, and for assisting in or verifying maintenance activity. Also
included is any equipment associated with production, distribution, storage,

and regulation of electrical power. The software required to accomplish the
functions described above is considered an integral part of the IAS.

Work Scope

Preliminary investigations by both NASA and industry indicate that a
completely integrated avionics system should



e Improve system reliability.

@ Reduce turn around time between flights.
e Minimize crew size.

@ Reduce overall program costs.

The proper way to quantize the benefits resulting from development of
a completely integrated system would be a detailed design study of both con-
ventional and integrated approaches to the system, and a comparison through
tradeoff of the approaches within overall program tradeoffs. The accomplish- -
ment of this rather formidable task requires an establishment of system
functional and performance requirements, a design meeting these requirements
for each approach, and finally overall comparison of these.

This report develops a system concept for the integrated approach
based on a set of subsystems requirements established during the early phases
of the work. Note that there are no firm requirements on shuttle performance,
configuration, or on the avionics system at present. For this reason, many
assumptions were made to permit the investigation to proceed.

Further, note that this report does not cover the conventional approach
and the comparison between conventional and integrated approaches. It is
hoped that future work will complete the picture, using the same set of
assumptions used here,

Background

Lockheed Missiles and Space Company (LMSC), General Dynamics
Corporation (GDC), Martin Marietta Corporation (MMGC), and other contrac-
tors carried ouf separate fasks under which they were to investigate certain
aspects of the Integrated Avionics System for a representative vehicle. Con-
current in-house investigations were carried out while supervising these tasks.
Material generated by these three activities, as well as the concepts from other
NASA and industry groups, are incorporated in this system conceptual design
report. :
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Subsystem ldentification

One of the principal questions concerning the IAS is how the interfaces
between and within the various shuttle systems are to be managed. A top~
level system description was developed to establish an overall framework
within which the different functional and performance requirements could be
identified and related. Table 1-1 gives the shuttle systems breakdown used.

TABLE 1~1. SYSTEMS BREAKDOWN

Shuttle System Subsystem Number
Structural/Mechanical 1.0
Propulsion 2.0
Electrical Power 3.0
Environmental Control 4,0
Guidance, Navigation, and Control 5.0
Communication 6.0
Controls and Displays 7.0
Data Management 8.0

This breakdown, together with its lower levels (e.g., first level is 1. 1),
proved extremely valuable. It is recommended that this structure be retained
in all future work,




i1. TAS GENERAL REQUIREMENTS

Mission Requirements

The nominal mission assumed was the space station logistics resupply
mission. This mission is characterized by the following:

Self-sustaining lifetime — 7 days
Stay time at space station — 5 days
Vehicle lifetime — 100 missions
Launch window — 60 seconds

The mission profile used for this report is shown in Figure 2-1. The
vehicle configuration does not drive the IAS design significantly.

The nominal mission also assumed various phases for both booster and
orbiter, The flight phases for the booster are (1) lift-off, (2) atmospheric
boost, (3) separation, (4) coast, (5) reentry, (6) glide or cruise, and
(7) landing. The flight phases for the orbiter are (1) separation, (2) guided
burn, (3) orbit, (4) reentry, (5) glide or cruise, (6) landing, and (7) self-
ferry.

Vehicle Configuration

The vehicle configurations developed by three of the contractors
involved in space shuttle work are shown in Figures 2-2 through 2-10. All
are two-stage vehicles, using multiple rocket engines in each stage. The
GDC vehicle is the only one which employs variable geometry, in addition to
multiple jet engines which are used to extend descent range and to improve
approach and landing characteristics. Conventional wheel landing gear is
used throughout.

Mass, geometric, and aerodynamic characteristics of these vehicles,
which are necessary for IAS design studies, are shown in Appendix B.
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Figure 2-2, GD/C FR-3 launch configuration.
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Figure 2-5. Martin Marietta two-stage launch configuration.
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Autonomy

The shuttle is required to be capable of autonomous operation through
all mission phases and operating modes. There will not be any large-scale
ground support such as mission control and ground tracking net operation.
This means, for example, in-orbit navigation capability, no high-rate
telemetry to the ground, minimum GSE during launch, and maximum onboard
checkout and fault isolation, plus abort situation warning capability must all
become features of the IAS. For the post-reentry and landing phases for both
booster and orbiter, however, total ground independence is not possible since
extensive use must be made of existing civilian and military radio navigation
and landing aids.

Reliability

Reliability is of paramount importance in the design of the Integrated
Avionics System (IAS) if the requirements of safety, long operating life, and
total number of shuttle missions are to be met. The Space Shuttle Task Group
(STG) report imposed a reliability requirement of "fail operational, fail
operational, fail safe' on the space shuttle IAS. In strictest terms, if this
requirement is to be implemented at the line replaceable unit (LRU) level,
it means quadruple redundancy.

Normally, the degree of redundancy is dictated by determining the
reliability or criticality number required for a subsystem or the performance
of a function in view of a reliability goal for the overall system. This
reliability is then achieved either by redundancy or by designing the subsystem
to be sufficiently reliable. If redundancy is utilized, the required failure
detection as well as switching techniques should not significantly degrade the
gain in reliability achieved by using redundant hardware; and the failure
detection logic and safing devices should not have failure modes which could
terminate a satisfactory subsystem to the detriment of the mission. The best
approach is to design the simplest system which meets the required overall
reliability goal. It is, therefore, recommended that the ground rule of
"fail operational, fail operational, fail safe' be replaced with a reliability goal
for the IAS, to be met in the best way dictated by detailed analysis and design.

m-12



Maintenance

All subsystems should be designed for minimum maintenance, modular
replacement, and maximum usage of standard aircraft type maintenance. The
shuttle vehicle design should permit rapid maintenance through simplified
replacement of parts and systems where feasible; removal and replacement
time should be minimized with onboard checkout and module accessibility.

Every effort must be made to provide maximum reusability, to
minimize expendables, and to provide minimum turnaround time. Turnaround
time after a nominal mission (from landing to launch readiness) should be
restricted to two 40-hour work weeks. If necessary, this turnaround time can
be reduced further by employing multiple work shifts to condense the 80-hour
work period into 5 calendar days.

II-13



1. IAS DESCRIPTION

Since no particular shuttle system configuration can be proven better
than another at this time, features of each were used to assemble the IAS
requirements. The space station logistics resupply mission was used as a
basis for the system description undertaken here. Two major aspects have
been attacked: (1) description of the various subsystem concepts; and (2)
description of the integration and interface management concept.

The major decision to be made in design of an IAS is the interface
management between and within subsystems. For this reason, the approach
taken has been to identify, on a subsystem by subsystem basis (reference
Subsystems 1. 0 through 8. 0 of the section), the data and control signal flow
both within and between subsystems. Once sufficient understanding of these
requirements is attained, it becomes possible to work on the integration aspects
of the IAS. This section covers the definition and description of each subsystem,
including the overall integration and data distribution portion of the problem.
Since Subsystems 1.0, 2.0, and 4. 0 are not avionics subsystems, no details
on these subsystems are provided in this report.



1.0 Structural/Mechanical

Considerable information and data on the structural/mechanical sub-
system of the space shuttle vehicle have been generated by various contractor
studies [1, 2, and 3] as well as by in-house NASA investigations during the
Phase-A Integral Launch and Reentry Vehicle (ILRV) studies. This available
reference material was freely used to determine the necessary background and
interface information to permit the IAS design to be pursued. As an example,
the structural/mechanical subsystems as generated by LMSC are illustrated
by Appendix D, 1.0. Primarily, requirements, as well as constraints,
imposed on the IAS by the structural/mechanical subsystem of the various
configurations were identified and utilized where necessary in the respective
IAS subsystem studies and investigations.
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2.0 Propulsion

Considerable information and data on the propulsion subsystem of the
space shuttle vehicle have been generated by various contractor studies
[1, 2, 3] as well as by in-house NASA investigations during the Phase-A
ILRV studies. This available reference material was freely used to determine
the necessary background and interface information to permit the IAS design
to be pursued. As an example, the propulsion subsystems as generated by
LMSC are illustrated by Appendix D, 2.0. Primarily, requirements, as well
as constraints, imposed on the IAS by the propulsion subsystem‘ of the various
configurations were identified and utilized where necessary in the respective
IAS subsystem studies and investigations. Although many different engine
configurations for the various vehicle concepts have been proposed, an engine
configuration using 400K-pound thrust engines, with 12 engines on the booster
and 3 engines on the orbiter was selected to maintain consistency throughout
the various subsystem analyses.

Additional information has been developed by Pratt and Whitney and
the Bendix Corporation on engine control and monitoring functions [4].
In future work, the complexity imposed on engine control by the requirement
to precisely control thrust should trade the IAS capability fo carry out this
function against an engine-mounted control system. Further trades should
be made to determine if precise throttling is really required.
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3.0 Electrical Power System (EPS)

3.1 General Vehicle Requirements

The shuttle vehicle must be supplied with electrical power continu-
ously from lift-off through the landing phases. The orbiter has the more
difficult power requirement because of the 7-day mission period, The type

of mission and the vehicle requirements appear to favor electrochemical power
sources rather than the electromechanical types.

After reentry, alternators driven by the turbojet engines will supply
the major electrical power for the aircraft mode of the mission. If the vehicle

selected does not have landing engines, the electrical power required will be
supplied from batteries and/or fuel cells.

3.1.1 Design Requirements

The electrical power system shall provide full operational
capability, without transients or-degradation of the power quality, after the
first failure. After the second failure, the electrical power system must
provide sufficient power to maintain a safe condition. All equipment required
for a safe return must be powered. These redundancy requirements apply to
all elements of the electrical power system: generation, conversion, and
distribution.

3.1.2 Design Objectives

The operating life of the vehicle is 10 years. Equipment used
should be able to operate reliably during the use period and have minimum
degradation for stored time between flights. To achieve this goal, a minimum
number of major components should be used in assembling the system, each
possessing high reliability. The reusable aspect of the vehicle requires that
selected major components need only minimum scheduled maintenance to
reduce the annual cost of the vehicle. Unscheduled maintenance will be con-
sistent with reliability achieved in operation.

3.2 Power Requirements

The shuttle peak power requirements are summarized in Table 3-1,
as derived from analysis by each responsible vehicle subsystem area. The
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control power requirements for the XILLR-129-1 propulsion engine were furnished
by the contractor [4]. Power requirements for environmental control and life
support were furnished by PD-DO-ME [5]. Conferences were held with each
responsible subsystem area to determine which units would be operated in the
various phases of the mission. Certain systems, such as lighting, were con-
sidered to operate continuously for all phases. The average power required

for guidance, navigation, and control; communications; and environmental con-
trol and life support were reduced from peak values by a factor of 0.75. The
average powers for multiplexing and engine control were reduced from peak
power values by a factor of 0. 2. These average amounts of power have been
translated to power profiles for each specific phase of the mission in Figures
3-1 and 3-2. The profiles for prelaunch and post-landing checkout periods
reflect all equipment on, and control power for one engine. The control power
for the propulsion engine is battery supplied; for one second, during initial
start. Once started, engine control power is supplied by an engine driven power
source. No electrical power is included in these profiles for aerodynamic
surface control, deployment of landing engines, and landing gear. These short-
term high-peak hydraulic power requirements will be supplied by a chemically-
fueled turbine-driven system.

Based on an analysis of the loads and the length of the mission, the
electrical power requirements will be about equally divided between ac and dc
for the booster. The electrical loads for the orbiter will be about 25 percent
alternating current and 75 percent direct current. Total power requirements
were adjusted upward 5 percent to account for distribution losses. The overall
efficiency for the inverters used was 85 percent. The alternating current loads
are given in Table 3-2.

TABLE 3-2. ALTERNATING CURRENT LOADS

Description Volt-Amp

Fuel boost pumps 9 000
Air data, turn and bank 400
Fuel flow, fire detectors 300
Ice detectors, anti-ice scoop 5300
Fuel and oil, quantity, pressure ratio 200
Anticollision lights 500
Landing lights 4000
Transformer/rectifier ac load 3500

23 000
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3.3 Power Sources Selection

To fulfill the shuttle power requirements, the following conclusions
were reached: three power'sources are desirable for the orbiter;
the primary power source for normal operation should be a fuel cell; a back-up
power system of batteries is needed to me=t redundancy and safety require-
ments, For the short-term high-peak requirements during reentry and landing,
a chemically-fueled turbine-driven system was selected.

It has been determined from the power systems requirements that
two power sources are adequate for the booster. The primary power
source for normal operation should be a battery system. Redundancy and
safety requirements can best be met by additional batteries. The short-term
high-peak requirements during reentry and landing are supplied by a chemically-
fueled turbine-driven system. The principal reasons for selecting a primary
power source of batteries for the booster are (a) mission time, (b) availabili-
ty, (c) greater landing safety, (d) replaceability, and (e) lower cost.

The main reason for selecting different primary power sources for
the booster and orbiter is the length of the mission. Careful examination of
Figure 3-3 will reveal the reasons for this selection; for example, the primary
battery weight for an 80-hour mission is approximately 5 times the weight
required for a fuel cell.

The selected components for the booster and orbiter electrical
power systems are shown in Figures 3-4 and 3-5. The major components
selected for the electrical power system and their functions for the shuttle
are shown in Table 3-3. Power for the vehicle during atmosphere operations
will be supplied from alternators driven by the turbojet engines.

3.4 Analysis for Component Selection

The primary power sources analyzed in these trade studies were
batteries and fuel cells. The principal parameters governing selection were
weight and volume., Factors such as development status, reliability, cost,
and servicing requirements were considered.

3.4.1 Batteries

Three primary battery types were considered as candidates for
the shuttle power system: nickel-cadmium, silver-cadmium, and silver-zinc.
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TABLE 3-3, SELECTED EPS COMPONENTS

Components
Function Booster Orbiter

Primary power Batteries, Silver-zinc Fuel cells
Emergency power Batteries, Silver-zinc Batteries, Silver-zinc
Conversion Solid-state inverters 3 @, 400 Hz, 115 volts

(2 each - 2 redundant units)
Distribution de, 28 + 3 volts, two buses

ac, 115 + 5 volts 3 §, 400 Hz, two buses

Silver-zinc is believed to have the most desirable characteristics. Typical
characteristics of these batteries are shown in Figure 3-6. The energy

density of the silver-zinc battery is significantly higher than for the other

units, resulting in a weight and volume advantage. The nickel-cadmium

battery has the best recharge capability for all systems studied. The silver-
zinc and silver-cadmium batteries have a much longer wet-stand life capability.
Since the shuttle has a 10-year life requirement, it was concluded that recharge-
ability is not a significant factor since battery life is limited after initial
activation. The higher energy density favors the Ag-Zn (30-75W-hr/1b)

battery; therefore, it was selected for the conceptual design.

The primary battery power system for the booster was sized by the
following procedure. From Figure 3-1, the ascent, descent, and reentry
phases total 30 minutes and require power at a 6-kw rate. All the power
required for these phases of the mission will be battery supplied. The power
required from reentry to landing, a time span of 2.5 hours, is at a 6-kw rate.
Approximately 50 percent of this load was considered critical and should be
battery supplied. The total amount of power required for the above conditions
is 10.5 kw-hr; however, to meet the reliability requirements, the system was
sized for 15.75 kw-hr. Using 60 watt-hours per pound for silver-zinc, 265
pounds of batteries are needed for the booster. Seven standard batteries
weighing 40 pounds each will meet this power requirement.
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) ENERGY DENSITY
BATTERY TYPE (W-H/LB)
NICKEL - CADMIUM 10-15
SILVER - CADMIUM 25-30
SILVER - ZINC 30-75
500
130
120 2-HR CYCLE
400
110
w
-}
;-) 100 A w
5 22n, 4 ey i 300
> o
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o g0 Q 5
a: (;’ 200
&
70 \
60 100 |
50
0 1.0
TIME OF WET~CHARGED STAND 0 4 v . ——
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PERCENT CAPACITY USED EACH CYCLE

CYCLE-LIFE PERFORMANCE, EFFECT
OF DEPTH OF DISCHARGE AND TEMPERATURE.

Figure 3-6. Typical battery characteristics.
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The orbiter emergency power system, which consists of batteries,
provides for a safe return in the event that both fuel cells fail. This emergency
system was sized in the following manner. The power profile in Figure 3-2
reflects a time of approximately 2.5 hours from deorbit to landing. The
electrical power required for a safe return was assumed to be at a 4-kW rate.
The normal loads plus additional redundant requirements amounts to a total
requirement of 15 kW-hr. A value of 60 watt-hours per pound was used in
sizing the system, and approximately 250 pounds of batteries are needed for
emergency power. Six standard batteries weighing 40 pounds each will meet
this power requirement.

3.4.2 Fuel Cells

The fuel cell system converts chemical energy into electrical
energy using techniques that avoid the thermodynamic limitations on efficiency
imposed by the carnot cycle. Energy densities in the order of 15 to
25 W-hr/lb are achievable. The fuel consumption is about 0,79 to 0. 91 lb/kW-
hr for Hy - O, systems. Fuel cell efficiencies are in the order of 50 to 65
percent,

There are three major fuel cell developers: General Electric (GE),
Pratt and Whitney (P&W), and Allis Chalmers (AC). The AC and P&W
approaches employ essentially the same technology, the main difference being
the way in which by-product water is removed. Both approaches use a
potassium hydroxide (KOH) impregnated asbestos matrix contained between
the electrodes of the cell. AC uses a static water removal technique which
employs a second KOH impregnated asbestos matrix spaced away from the
H, electrode. The KOH concentration difference between the matrices causes
water to diffuse from the cell and is removed through a low pressure system
maintained on the back side of the matrix. P&W's approach causes water
removal from the cell by a recirculating H, stream. This approach results in
higher parasitic power loss. The best efficiency and voltage regulation was
exhibited by the AC cell with its static water removal system. GE has a
different technology using a solid electrolyte composed of a sulfanic¢ acid ion
exchange membrane. Water removal is accomplished by a wicking process
to a manifold and then drawn off. Only the AC and P&W systems were con-
sidered in this design because of the large power requirements. Figure 3-7
and Table 3-4 illustrate the comparative data for these two fuel cells.

All the fuel cells considered operate in the current density range of
100 to 200 amperes per square foot. Considerable effort is being expended to
raise this level to as much as 4000 amperes per square foot. Present tech-
nology permits fuel cell systems with 30 1b/kW weight, including all supporting
accessories. The reactant weights for hydrogen and oxygen are 15 and 17
1b/kW, respectively.
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For the fuel cell system to produce 3800 watts continuously for
192 hours and meet the failure criteria, two units should be operated in
parallel. Emergency battery power is provided in the event both fuel cells
should fail. Although the fuel cells are operated in a load-sharing mode,
each fuel cell and the required reactants must be provided for full capacity of
the entire mission.

It was concluded from data shown in Table 3-4 and Figure 3-7 that
the AC liquid-cooled unit had the most desirable characteristics for this
application. The voltage regulation of this system will adequately meet
vehicle requirements without additional regulation equipment. Operating in
the 1. 5- to 2, 5-kW range, the unit has better than +1 volt regulation. From
past experience, the vehicle requirements will probably be specified as
28 volts +5 percent. For the two systems considered, the liquid-cooled unit
exhibited the best fuel consumption rates. Since all fuel cell systems degrade
from plate contamination with operation, the AC unit should operate longer
for the same level of degradation. Also the large area will permit the AC
unit to operate with higher peak loads at a lower current density per cell.
The slightly lower initial weight for the P&W system will be compensated for
by a lower reactant weight requirement of the AC unit.

The fuel cell system can be expected to have an internal resistance
of 0.05 ohm. The load transient response time will be in the order of 25
microseconds. Normally, a 30-minute warm-up time will be required before
the stack reaches 170° to 200° F and full load can be applied. Limited operation
at temperatures well below their design point is possible. The power pro-
ducing capability for one fuel cell is in the order of 60 watts, at a temperature
of 0° F. For this condition the power to monitor, to control, and to supply other
parasitic loads may require the total output of the system. These parameters
will apply to both AC and P&W systems.

3.4.3 Auxiliary Power Unit (APU)

The auxiliary power unit on the shuttle vehicle provides the short-
term peak demands not met by the electrical power system. The principal
short-term demands are the requirements for hydraulic power to actuate
the aerodynamic control surfaces during reentry and landing. Additional
hydraulic power is needed for deployment of landing engines and extending
the landing gear.

An APU is necessary on both the booster and the orbiter to meet
these requirements. A separate propellant pressurization system will be
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required to provide proper quantity and pressure of reactant to the APU on the
booster. The system for the orbiter can be integrated with the attitude control
system to provide proper quantity and pressure (100 psi) of reactant for the
auxiliary power unit. The propellants (O, and H,) will be supplied by the main
propulsion residuals. It is believed this can be accomplished with little added
weight penalty. A block diagram of the proposed auxiliary power system is
shown in Figure 3-8.

3.4.3.1 APU Hydraulic Power Requirements

Three APU's are provided for each vehicle and each drives an
independent hydraulic system. All three units provide power to the primary
flight controls. Only two of the systems are connected to secondary controls
requiring hydraulic power. The primary system provides hydraulic power to
the elevons, ruddervators, and spoilers. The trailing-edge flaps are con-
sidered secondary controls and are connected to only two of the three indepen-
dent hydraulic systems. The hydraulic power required by orbiter and booster
is listed in Table 3-5. The operating times shown in Table 3-5 are considered
adequate to supply hydraulic pressure required during the mission.

TABLE 3-5, APU HYDRAULIC POWER REQUIREMENTS,
TWO STAGE SYSTEM

Booster Orbiter
Horsepower 567 190
Operating time (min) 6 27
Energy (hp-min) 1260 1680

Each hydraulic subsystem was sized to provide 50 percent full hinge
moment at full rate to meet fail-operational?, fail-safe criteria.

3.4.3.2 APU System Description and Selection

Turbomachinery systems using hydrazine blend fuel and Hy-O, fuel
were analyzed. Either system is considered adequate for this operation.
Both systems have very similar working characteristics. The Hy-O, system
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was selected because the main propulsion residuals could supply the fuel with
little or no added penalty. Also the H,-O, system has two to three times better
fuel-consumption-to-horsepower-output ratio, The H,-O, system will be
approximately 100 pounds lighter for the orbiter than the hydrazine-fueled
system. The comparative weights for the two systems are given in Table 3-6.
The H,-O,4 system should be more reliable when starting in extremely cold condi-
tions. It would require a special blend of hydrazine to prevent freezing at

- 65°F.

TABLE 3-6, APU WEIGHT SUMMARY

System Data 'B ooster Orbiter

Hydrazine

Turbine unit (1b) 223 75

Fuel tank 53 49

Fuel 202 245

Total weight (1b) | 478 369
Hy,0,

Turbine 267 94

Regenerator 53 19

Hydrogen 52 78

Oxygen 42 _63

Total weight (1b) 414 254

One possible fuel for this application is Sunstrand 70-20-10, a
blend containing hydrazine, monomethyl hydrazine, and hydrazine nitrate. A
solid propellant ignition system will be necessary to preheat the decomposition
chamber prior to fuel injection, to accelerate the turbine, and pressurize the
fuel tank to provide inlet pressure to the fuel pump. The H,-O, system should
have a low development risk since this unit was developed to the prototype stage
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for the Dyna-Soar. Further development will be required to satisfy and
demonstrate the reliability requirements for the shuttle vehicle. A block
diagram of the proposed oxygen-hydrogen system is shown in Figure 3-8.

3.5 Power Conditioning and Distribution

The principal distribution system for the orbiter will be a 28-vdc
system. The remaining loads will be supplied by a 115-volt, 3-0, 400-Hz
system for special purposes, such as for the inertial measuring unit. During
the aircraft mode of operation the primary power generation source will be an
alternating current system. The large power requirements during the aircraft
mode for motor-driven pumps and heating loads are more efficiently met with
an alternating current system. Required de loads can be supplied with a
transformer rectifier system that is efficient, light in weight, and reliable.

3.5.1 Direct Current System

The principal reasons for selecting a 28-vdc distribution system
were low-level current loads and availability of man-rated flight components.
The majority of the circuits for the booster and orbiter require less than
5 amperes of current, as shown by the examples in Table 3-7. It is believed
that this level of power can be met without excessive penalty in cable weight.
There would be little or no development risk for breakers, contactors, and
other items required in a 28-volt distribution system. A higher distribution
voltage could conceivably result in some weight savings; however, the additional
development, documentation, and required testing are believed to involve a
greater risk than the weight penalty.

Electrical components are usually manufactured with 30- and 120-
volt ratings. The state-of-the-art in power transistor development technology
allows a maximum collector sustaining voltage of 250 volts. Utilizing the
best-known power switching techniques from a 120-volt distribution system,
the transistor would see 240 volts peak at the collectors. These power
inversion systems inherently produce some spikes on the voltage waveforms.
For this reason, a 120-volt distribution system is considered to have question-
able reliability. A tap at some intermediate point for the inverters is a possible
solution that may result in a weight saving.

To connect four fuel cells in series to obtain a 120-volt distribution
system would also have questionable reliability. Manufacturing a single unit
with a 120-volt rating would increase the complexity of the stack and increase
the voltage insulation problems. Because of the above problems a 28-volt
distribution system was selected.
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TABLE 3-7, TYPICAL DISTRIBUTION LOADS 28-VDC SYSTEM

Function Amperes
Autopilot, master warning, and control 10
Position lights (external) 20
Duct lip position and ice detection 1
Valve controls 5
Landing gear and brake warning 10
Fuel and oil temperature transducer _ 1
Emergency pressurization 1
Anti-ice control and indication 2
Flap control ' 2
Anti-skid control 20
Windshield anti-ice control 1
Structural overheat warning 1

3.5.2 Alternating Current System

An alternating voltage for distribution can easily be stepped up or
down by known transformer techniques. Increasing the voltage permits the
use of lighter transmission cable for the same power level. If the cable run
is short, the cable weight saving may be offset by the additional weight
required for step-up and step-down transformers.
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Changing of the fundamental frequency from 400 to 2000 Hertz
theoretically could reduce the transformer weights for step-up and step-
down operations. The component weights for servosystems, platforms,
motors, and equipment transformers could also be reduced, theoretically, by
a factor of 5; however, the reactance (X_) would be increased by 5 times.
Larger transmission lines and different impedance-matching techniques would
be required to keep the voltage drops in the 2000-Hertz system at the same
level of those in the 400-Hertz system. Radio frequency interference pro-
blems would be expected to increase in the 2000-Hertz system. The primary
reason for selecting the 400-Hertz for the AC distribution system was that
nearly all guidance systems hardware developed in this country for missiles
and aircraft are at this frequency. The cost for high frequency component
development, documentation, testing, and man-rating would overshadow the
possible weight savings.

3.6 Shuttle EPS Weight and Volume Estimates

The principal difference in the booster and orbiter systems is the
primary source of batteries for the booster and fuel cells for the orbiter.
Batteries are the emergency power source for both stages. The component
weights and volumes for these systems, as shown in Figures 3-4 and 3-5, are
given in the following paragraphs.

3.6.1 Batteries

Silver-zinc was selected because of its superior energy density of
75 W-hr/lb. Each battery weighs approximately 40 pounds.

3.6.2 Rectifiers

Isolating rectifiers located in the central power bus will weigh about
1. 0 pound each when mounted. Eight rectifiers are required.

3.6.3 Circuit Breakers (dc)

The circuit breakers will be solid state devices with automatic as
well as remote reset and trip capability. For each load, the breakers will
provide an on-off status which can be programmed through the computer
system. Each load has a separate breaker providing overload protection for
equipment and wire runs from the power bus to the load. The estimated 150
circuits allow for some growth capability. Each breaker will weigh about
0. 5 pound for a total weight of 75 pounds.
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3.6.4 Generators (ac)

The booster and orbiter in the aircraft mode of operation will have
ac loads supplied by a cycloconverter. An ac generator is driven directly by
the main engine. The cycloconverter can accept a variable shaft rpm input,
and deliver a constant-frequency three-phase, 400-Hertz, 115/200-volt output
utilizing special wave-shaping techniques. The generator weighs about 50
pounds, the cycloconverter 50 pounds, and the oil coolant loop about 10 pounds.
The system has an electrical output rating of 40 kv-A,

3.6.5 Transformer Rectifier

The transformer rectifier system supplies the required 200-ampere \
28-vdc loads for the aircraft mode of operation. These units weight approxi-
mately 20 pounds each, including transformer, rectifiers, and mounting
brackets.

3.6.6 Wiring Estimates

The wire sizes and weights to install the selected components for
the shuttle system have been estimated. The fuel cell requires about 45 feet
of number 5 gauge stranded cable, which weighs approximately 15 pounds.
including harness, feed-throughs, and connectors.

The generator installation will require approximately 120 feet of
bus feeders, which weigh about 100 pounds including supports, feed-throughs,
and connectors.

The battery installation for the booster will require about 40 feet
of number 5 gauge stranded cable, which weighs about 12 pounds including
harness and mounting brackets. The orbiter installation will require about
40 feet of number 6 gauge stranded cable which weighs about 10 pounds,
including harness and mounting brackets.

3.6.7 Fuel Cell

A liquid-cooled 5. 0-kw fuel cell system was selected. The normal
system load will be 3870 watts continuously. Two units are used to meet
design reliability requirements and provide overload and growth capability.
During normal operation both cells will share the load; however, reactant
supply is adequate for a single unit to accomplish the entire mission. The
weights for the fuel cell system are given in Table 3-8. The radiator weight
and volume for the fuel cell are not included in this table.
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TABLE 3-8. FUEL CELL SYSTEM WEIGHTS AND VOLUMES

Item Weight (1b) Volume (ft?)
Fuel cells (2 units) 340 3
Oxygen 1200
O, tanks 275 30
Hydrogen 150
H, tanks 300 50
Valves, heater lines _1_9_0_ 2
Total 23656 85

3.6.8  EPS Weight and Volume Summary

The electrical power system components for the booster and orbiter
are summarized in Table 3-9. APU weights should be carried under subsystem
1.0, Structural/Mechanical.

3.7 Data Bus Interface

A detailed analysis was made for each component of the EPS to
determine the number of data bus interface connections. Each component will
require a signal conditioning unit that will transform the information so that
it can be accepted by the data bus. The signal conditioning units and the
number of test points are shown for the EPS in Figure 3-4 and 3-5. A com-
plete list giving function, type of measurement, etc., for the EPS is furnished
in Appendix A, Section 3.0. As an example, Test Point No, 13, shown on the
fuel cell schematic in Figure 3-9, is defined in Section 3. 0 of Appendix A.
Thi